This paper presents a preliminary study of the dynamic performance of a novel light-weight auxetic (negative Poisson's ratio) cellular vibration isolation base constituted by reentrant hexagonal honeycombs. Numerical and experimental analyses were conducted to reveal the effects of Poisson's ratio (cell angle) and relative density (cell thickness) of these reentrant honeycombs on the dynamic performance of this novel base and to propose design guidelines for the best use of the auxetic cellular vibration isolation system. By doing numerical analysis, we found that, by decreasing the relative density of reentrant honeycombs and increasing Poisson's ratio of them, excellent vibration isolation performance of the auxetic cellular base will be achieved. This analysis was followed by static, modal, and frequency response tests, which verified the results of the numerical analysis.
Introduction
It is well known that when most natural materials are stretched in one direction, they contract in the direction transverse to the loading direction, which means they have positive Poisson's ratio. Nonetheless, the classical theory of elasticity does not preclude the existence of materials with negative Poisson's ratio, also known as "auxetic" after 1991 when Evans et al. reelaborated this theory [1] . Auxetic materials/structures present the very unusual property of becoming wider when stretched and narrower when squashed [2, 3] .
Since Lakes (1993) first transplanted the term of negative Poisson's ratio (NPR) behavior into the field of materials science, the study of auxetic materials and structures has experienced vigorous development [4] . In the past few decades, wide varieties of auxetic materials and structures have been discovered and manufactured, including foams [5, 6] , polymers [7] [8] [9] [10] [11] [12] , composites [13] , and metals [14] . Compared with traditional systems, auxetic systems are superior in many practical applications in decreasing the propagation of vibrations efficiently [15, 16] , exhibiting enhanced indentation resistance [17] , presenting an increase in bending stiffness of constructional elements, and so on [18, 19] . It also has been found that the presence of their auxetic behavior is a scale-independent property; that is, the deformation mechanism can operate at any scale ranging from the nanolevel (molecular level) to the macro-scale [20] . Relevant applications where auxetic systems may be particularly useful are the replacement of blood vessels [21] , the fabrication of smart filters and fasteners [22, 23] , the design of structures with double curvature for aircraft wings and car doors [24] , and the production of high quality lifting devices such as helicopter rotor blades [2] .
Almost all of the auxetic structures are designed based on this simple mechanism that the global stiffening effects of them are determined by the unit cell [25, 26] . Over the years, several different units that can achieve auxetic behavior have been proposed, such as reentrant center-symmetric honeycombs [27, 28] , rotating rectangles and triangles [29, 30] , and arrow-head and star-shaped configurations [31, 32] . Among them, reentrant cellular structure is one of the most classical auxetic structures and has been extensively studied. Gibson and Ashby [33] , Masters and Evans [34] , and Evans et al. [35] are the pioneers working on this structure. Using the geometric configuration and coordinate system of Figure 2 , Gibson et al. indicated that reentrant cellular structures have negative Poisson's ratio when an external load is given to it [33, 36] .
This paper is designed to study the dynamic performance of a light-weight vibration isolation base made of the foldable (the aspect ratio of honeycombs is 2), equal-height reentrant hexagonal honeycombs. By changing the geometry of the reentrant honeycombs, the novel auxetic cellular base will take on a tunable negative Poisson's ratio and it is much lighter than traditional bases, while the load bearing capability is the same. This study focuses on the effect of the geometric parameters (cell angle and thickness) of the reentrant honeycombs on the vibration reduction performance of the base. Finite element method was used as the modelling technique to analyze the dynamic performance of the base. Both numerical analysis and experiments were conducted, which turned out to be in good agreement with each other. 
Effects of Parameters on Vibration
Reduction Performance of the Auxetic Cellular Base 2.1. Auxetic Cellular Base. The novel auxetic cellular vibration isolation base proposed in this paper, as shown in Figure 1 , is made of seven-layer, five-row honeycombs with the cell angle within the range −45 < < 0 ∘ . For a constant cell height 2 cos = 42.86 mm, the vertical length ℎ and the inclined length vary with the cell angle , when the aspect ratio of honeycombs ℎ/ is 2 (refer to Figure 2 ). The auxetic cellular vibration isolation system, which consists of the auxetic cellular base and a steel grillage supporting the base, is shown in Figure 3 . The thickness of the plates of both the base and the grillage is 6 mm and the grillage is reinforced by 20×3 angle steel and 50×50×5×7 T-stub steel. We assumed that the grillage is simply supported on four edges and the load is laid along the direction. Weights of the presented auxetic cellular vibration isolation base and the machinery device are 25.73 kg and 500 kg, respectively. Standard Quad4 element type was used to model the behavior of the system. The maximum size of the element was 10 mm × 15 mm and the minimum was 3 mm × 3 mm. The finite element model of the presented vibration isolation system was built using software MSC Patran with 9257 elements. A variety of methods can be used to evaluate the performance of vibration isolation systems, such as the insertion loss of forces or responses and the vibration level difference [37] . In this paper, we applied acceleration vibration level difference to evaluate the structural dynamics behavior of the auxetic cellular base, not only for the convenience of measure, but also for the decrease of error. Six measuring points were arranged under the grillage, where the boundary layer effects were negligible in view of the specimen dimensions, as shown in Figure 4 . Acceleration responses of the measuring points were obtained through the frequency response analysis using MSC Nastran software.
On the basis of cellular material theory [33] , the relative density ( / , where is the density of solid materials) and Poisson's ratio (] 21 ) of auxetic cellular materials can be calculated as follows (refer to Figure 2 ):
As to the foldable (the aspect ratio of honeycombs is 2), equal-height reentrant hexagonal honeycombs, Poisson's ratio of auxetic cellular materials/structures changes with the cell angle ( Figure 5 ) and, similarly, relative density can be altered by changing the cell thickness and cell angle, according to (1) and (2) . Furthermore, when / is fixed, the relative density as a function of cell angle can be plotted in Figure 6 .
As illustrated in Figure 5 , Poisson's ratio decreases with the increase of the cell angle. It decreases slowly between 0 and −1 when the cell angle magnitude is larger than 30 ∘ and then decreases dramatically when the cell angle magnitude is lower than 30 ∘ . Moreover, Figure 6 suggests that, for a certain cell thickness, decreasing the magnitude of the cell angle is accompanied by the decrease of the relative density. Furthermore, it can be observed from (1) that, by fixing the honeycomb geometry, increasing the cell thickness leads to the increase of the relative density.
Effect of Poisson's Ratio.
The effect of Poisson's ratio on the vibration isolation performance of the auxetic cellular base is shown in Figure 7 . When the cell thickness is kept constant, we found that the curves can be divided into two stages: when Poisson's ratio is lower than −3, the acceleration vibration level difference remains nearly constant; after that, it grows at an exponential rate. From this tendency, we can get fitting curves from different models and the function expression is written as (3) . Parameters of the function and correlation coefficients ( -square) between the numerical simulation results and (3) are listed in Table 1 . In all cases, each fitting curve has a large correlation coefficient, ranging from 0.9884 to 0.9977, which shows the remarkable accuracy of the function expression. It also can be seen in Figure 7 that auxetic cellular base with small cell thickness is more sensitive to Poisson's ratio of the honeycombs. When the cell thickness increases to 4 mm from 1 mm, the vibration level difference increases slightly, by about 32%, with Poisson's ratio in the range −5 < ] < 0. Such a behavior was expected based on the theoretical considerations of the stiffness of models. For the same geometric parameters of honeycombs, the thinner the cell thickness is, the smaller the stiffness and the larger Poisson's ratio
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Poisson's ratio the responses of the system will be. The auxetic thin-walled base is more like a spring vibration isolator and its stiffness coefficient is affected by the cell angles. For the foldable equalheight honeycombs, Poisson's ratio is the main influence factor of the stiffness coefficient. As Poisson's ratio increases in the range −1 < ] < 0, vibration level difference decreases with the increase of the cell thickness. Moreover, although the smaller cell thickness is, the more suitable it is for the base design, decreasing the cell thickness cannot significantly improve the vibration isolation performance of the auxetic cellular base when Poisson's ratio of the honeycombs is lower than −1, Figure 8 shows the effect of the relative density of the honeycombs on the vibration isolation performance of the auxetic cellular base. In the first place, contrary to the effect of Poisson's ratio, the vibration level difference of the auxetic cellular base decreases with the increase of the relative density when the cell angle is kept constant. In the second place, along with the increase of values of the relative density, vibration level difference increases when the cell thickness is kept constant. For a big value of the cell thickness (like 4 mm or larger), however, the change of the relative density has nearly no effect on the vibration level difference of the base. We can also find in Figure 8 that the vibration isolation performance of the novel auxetic cellular base is much more sensitive to the relative density of honeycombs when the cell thickness is small and the cell angle magnitude is large. Therefore, according to Sections 2.2 and 2.3, we drew a preliminary conclusion that the novel auxetic cellular base achieves better vibration isolation performance with the decrease of relative density and the increase of Poisson's ratio of reentrant honeycombs.
Effect of the Relative Density.

Vibration Isolation Optimization Design.
As described above, the vibration isolation performance of the auxetic cellular base is affected by various parameters of reentrant honeycombs. In order to find the optimum shape and size of the honeycombs, we proposed an optimization model through software Optistruct, which can be expressed as (4) . The minimum mass of reentrant honeycombs was defined as the optimization objective, with the cell thickness ( ) and the cell angle ( ) as design variables. The initial value of the cell thickness was 2 mm, while the cell angle varied from 0 ∘ to −45 ∘ . The maximum structural stress ( max ) and the minimum vibration level difference (VLD min ) were selected as constraints for the requirements of safety and dynamic performance, and their magnitudes were 150 MPa and 6 dB, respectively. The calculation processes and results of the optimization objective, design variables, and constraint conditions are shown in Figure 9 :
where is the number of elements.
The results indicate that, by optimizing the cell thickness and the cell angle, the value of the vibration level difference has increased by nearly five times, from 1.9 dB to 9.52 dB compared with the initial model, while the mass of reentrant honeycombs decreased by 5 kg. The optimal values of the cell thickness and cell angle are 1 mm and −45 ∘ , respectively. It is worth pointing out that these results also show good agreement with those of the FEM models discussed earlier, which proves that, by decreasing relative density and increasing Poisson's ratio of reentrant honeycombs, the auxetic cellular base displays better vibration isolation performance.
For a traditional 500 kg class vibration isolation base, it usually contains three parts: face plates, web plates, and brackets, as shown in Figure 10 . The thicknesses of these three parts are 10 mm, 8 mm, and 8 mm, respectively. With the same conditions as the auxetic one presented in this paper, the frequency response analysis of it was done. The results of the analysis and the comparison of the two bases are listed in Table 2 . It can be seen that the weight of the traditional base is four times the auxetic base. Its vibration level difference, however, is only half of the auxetic one. This is not an individual case. In general, there are three types of vibration isolation systems: single-stage system, two-stage system, and floating raft isolation system. The stability and the vibration isolation performance of the single-stage system are poor and what is worse, the system often vibrates in resonance with the exciting source in the high frequencies. As for two-stage system and floating raft isolation system, in order to obtain the good performance, the additional mass is needed, which greatly increases the weight of the system. Compared with those traditional bases, the vibration isolation performance of the auxetic cellular vibration isolation base can be adjusted by many parameters, such as cell angle and cell thickness. We could also apply the optimization method mentioned above to improve the performance. And most important of all, it does not need any additional mass and with the porous structure, the weight of itself is very light. As a result, the presented auxetic cellular base possesses a broad scope in the vibration isolation field.
Experimental Verification and Discussion
Model Description.
For convenience of experiment, in this section, we put forward a new numerical simulation model with simpler boundary conditions and a lighter machinery device (25 kg): the grillage was no more simply supported on four edges, but on two edges along the direction (refer to Figure 3 ). We still used (4) to seek the optimum results of this new model. What is different from the previous optimization model is that the constraint condition of the minimum vibration level difference (VLD min ) changed from 6 dB to 3 dB, considering the weakening of boundary conditions. The calculation processes and results of the optimization objective, design variables, and constraint conditions in this situation are shown in Figure 11 . Along with the increase of iterative steps, the cell thickness increases slightly and then drops abruptly to the minimum value. After the fluctuation, the cell angle also 8 Shock and Vibration reaches the optimal value of −38.2 ∘ . By optimizing the cell thickness and the cell angle, the magnitude of the vibration level difference has increased by four times, from 1.1 dB to 4.62 dB; meanwhile the mass of the reentrant honeycombs has decreased by 5.91 kg. When values of and are 1 mm and −45 ∘ , respectively, the vibration level difference of the auxetic cellular base is 2.93 dB. The optimal models and results of shape and size of the auxetic cellular base were presented in Table 3 . From the comparison of the two numerical simulation models, the following assumptions are made: besides the geometric parameters, boundary conditions also play an important role in the vibration isolation performance of the auxetic cellular base, which will benefit from strong constraints. Furthermore, the comparison also proves that the optimal model is feasible for different boundary conditions.
In order to do a validation analysis of the optimal model and results, we tested two auxetic cellular bases marked as verification base and control base in Figures 1 and 12 . The parameters of the verification base are consistent with the optimal results, while the control base has a cell angle of −45
∘ . Considering the installation conditions, we also made a bigger steel grillage (Figures 13 and 14) with the same positions of measuring points in Figure 4 . The experimental tests have been conducted at the Engineering Mechanics Experimental Center of Shanghai Jiao Tong University.
Statics Test.
The two auxetic cellular bases were fixed on the test bench and different weights were first put on and then removed from the upper faceplate of the base with the displacements measured by a laser displacement meter (KEYENCE, LK-G5001), as shown in Figure 15 . Typical displacement-weight curves of the two bases obtained from the experiment are shown in Figure 16 . It can be seen that, in the process of adding and reducing the weights, both of the two bases show good linear elastic properties. It also shows that the gradient of the curve in Figure 16 that in Figure 16(b) , which means the vertical elastic stiffness of the verification base is bigger than that of the control base. This can be attributed to the different cell angles of honeycombs between the two bases.
Modal Test.
Modal test was done to analyze the dynamic characteristics of the two bases. Through the modal test, the natural frequencies of the bases within a given frequency range can be obtained. The main instruments used are a signal generator (B&K 1027), a power amplifier (ECON, MI-2004), an electrodynamic shaker (Labworks Inc., ET 139), a laser sensor (Polytec, PSV-300F), and a DASP signal acquisition card (DH5920N). Sandbags and Φ77 mm round steel were used to simulate boundary conditions, as shown in Figure 17 . In consideration of the symmetry of the system, we arranged measuring points for laser in half of the structure (Figure 18 ). The bases were loaded vertically and vertical natural frequencies of the auxetic cellular base and the steel grillage were observed within the 0-500 Hz frequency bandwidth. The fundamental vertical vibration mode shapes and average velocity response functions of the two bases are shown in Figures 19-22 . Depending on these results, constraint conditions and damping coefficient of the original numerical simulation models were modified. For example, by modifying the constraint boundaries of the numerical models, the effect of the position and the weight of the Figure 23 : Two-node vertical mode shape of the control base with the FEM: (a) mode shape of the auxetic cellular base and (b) mode shape of the steel grillage. sandbags on the constraint conditions of the bases were eliminated. The mode shapes and vertical natural frequencies of the final models are shown in Figures 23 and 24 and Table 4 . After the modification of FE models, the relative errors between the FEM and experimental results are very small, which ensures the accuracy of the numerical simulation. Moreover, these results also prove that the conclusion drawn in the static test is correct; that is, the vertical elastic stiffness of the verification base is bigger than that of the control base.
Frequency Response Test.
The boundary conditions of the frequency response experiment correspond to those of the modal experiment (Figure 25 ). Besides the instruments mentioned above, accelerometers (B&K 4366) and force sensors (5110) were used to collect the signals of different measuring points in the frequency domain. The block diagram of the excited and measured analysis system is shown in Figure 26 . Five experiments were done for each base with five different exciting forces, ranging from 10 N to 50 N with the sweep bandwidth of 10∼500 Hz. Figures 27 and 28 show the acceleration frequency response functions (FRF) of the two experimental bases with different exciting forces. With these data, vibration level difference of the bases was calculated and listed in Table 5 . Computational results of acceleration FRF are shown in Figure 29 . Table 5 shows that increasing or decreasing the exciting force has slight effect on the vibration level difference, and the average values of vibration level difference of control base and verification base are 3.52 dB and 5.04 dB, respectively. In Figure 29 , the computational results of vibration level difference are 3.24 dB and 5.56 dB, respectively. For the control base, the relative error of the results between the FE model and experiment is 7.93%; and for the verification base, it is −9.35% (Table 6 ). It is worth noticing that the maximum amplitude of the exciting force of the electrodynamic shaker is 50 N, and strong unstable responses were observed there. And when On the other hand, the comparison of the experimental and the optimal results obtained in Section 3.1 shows that the relative error between the results of the verification base and the optimal model is 11.5%. Furthermore, in view of the vibration isolation performance of the bases, the verification base is better than the control base. These prove that the optimal model and results in this paper are correct and can be applied in the field of engineering design. As for the above-mentioned error, the reasons may lie in the following. (1) Limitations of experimental constraints and loading conditions: it is possible that during the test, the bases are not in a horizontal position. This will result in the deviation of the loading direction. (2) The limitation of the honeycomb dimension: discontinuous welding may exist in some portions, which will affect the propagation of vibrations. (3) The exact damping coefficients were not obtained in this paper. This leads to the differences of the response amplitudes between the FE and experimental models in resonance frequencies.
Conclusions
In this research, a light-weight vibration isolation base design was proposed based on auxetic reentrant hexagonal honeycombs. For the foldable (the aspect ratio of honeycombs is 2), equal-height reentrant hexagonal honeycombs, the effects of Poisson's ratio and relative density of these honeycombs on the dynamic performance of the novel base were studied numerically and experimentally.
(1) Compared with traditional base, the presented auxetic cellular base decreases the propagation of vibrations more efficiently and has lighter weight.
(2) By decreasing relative density and increasing Poisson's ratio of the honeycombs, the auxetic cellular base exhibits excellent vibration isolation performance. In the near future, the work presumably will focus on the effects of honeycomb shapes, dimensions, and arrangements on the vibration isolation performance of the auxetic cellular base. We believe that this novel base, which can be simply manufactured and easily adaptable to specific requirements, can be exploited in a great variety of industrial fields, considering also that the effective behavior of the auxetic cellular structure is scale-independent.
